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Abstract 
Over the last years, the development of PCMs has opened new ways to increase the storage capacity and the energy stored due to 
the high latent heat and high storage density of these materials. The aim of this work is to model the charging process of a 
fluidized bed with PCM material operating as an energy storage device. 
The temperature in the bed during the charging process of the fluidized bed has been modeled using the two-phase theory of 
fluidization. The dense phase is taken to be perfectly mixed and the bubble phase is taken to be in plug flow. The numerical 
model presented takes into account the fact that the phase change process of the bed material occurs over a temperature range. 
The energy equation of the dense phase is numerically solved in enthalpy form considering the dependence of enthalpy on 
temperature for phase change occurring over a range of temperatures. The model validity is verified against experimental data for 
two granular materials: sand, a typical material used in fluidized beds, and a granular phase change material with a mean particle 
diameter of 0.54mm and a phase change temperature around 50ºC. For both materials the temperature profiles obtained 
numerically  agree with the ones measured experimentally.   
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1. Introduction 
The use of fluidized beds in heat storage applications have been investigated in the past. Elsayed et al. [1] tested 
an air-sand fluidized bed for thermal storage where the bed was heated or cooled by a flow of air. Most of the 
published works concern sensible heat storage and only a few studies present results on latent heat storage in 
fluidized beds. Sozen et al. [2] presented and experimental investigation using 25-mm-diameter phase change 
material spheres in a water fluidized bed showing that fluidization provided much less loss in heat storage efficiency 
with cycling that under fixed bed conditions. Izquierdo-Barrientos et al. [3] showed heating experiments of a 
granular phase change material of 0.54 mm mean diameter in an air fluidized bed obtaining higher charging 
efficiencies than in sand beds and a stable behavior after 75 hours of continuous operation.    
 
The unsteady state behavior of fluidized beds thermal storage systems has been modeled in a limited number of 
works in the literature, and only for sensible heat. Wagialla et al. [4] used the two-phase theory of fluidization to 
simulate the transient response of a bed of alumina particles fluidized by a hot air stream and verified the results 
with experimental data. A similar model developed by El-Halwagi et al. [5] was used to study the influence of 
different parameters (gas flow rate, mass of solids and bed aspect ratio) on the performance of the system as a heat 
regenerator.  
 
In this paper a model for the transient response of a fluidized bed of phase change material is presented and 
verified by experimental measurements. The fluidized bed is modeled using the two-phase theory of fluidization, 
considering the emulsion phase perfectly mixed and plug flow in the bubble phase. It is assumed that all gas in 
excess of what is required for minimum fluidization passes through the bed as bubbles, which exchange heat with 
the dense phase as they rise. The phase change of the material is introduced employing the enthalpy method 
considering that the phase transition occurs over a temperature range [6]. The heat accumulated in the stain steel 
vessel is included in the simulations. Previous results from the work of Kunii and Levenspiel [7], who proposed a 
correlation for the heat transfer from the bubble phase to the emulsion phase and Izquierdo-Barrientos et al. [8], who 
measured and modeled the heat transfer coefficient to an immersed surface in bubbling fluidized beds of sand and 
granular phase change material, are used in this work.   
 
 
Nomenclature 
ܣ cross sectional area of the bed ሾ݉ଶሿ 
ܿ௣ ሾܬ ݇݃ԨΤ ሿ
݀ diameter ሾ݉ሿ 
ܩ volumetric flow rate ሾ݉ଷ ݏΤ ሿ 
 heat transfer coefficient ሾܹ ݉ଶܭΤ ሿ 
ܪ௕௖ heat interchange across the bubble cloud boundary per unit volume of bubble phase ሾܹ ݉ଷܭΤ ሿ 
݅ enthalpy ሾܬሿ 
݇ thermal conductivity ሾܹ ݉ܭΤ ሿ 
ܮ bed height ሾ݉ሿ 
ܵݐ Stanton number ൣȂ ൧ 
ݐ time ሾݏሿ 
ܶ temperature ሾԨሿ 
ܷ superficial gas velocity ሾ݉ ݏΤ ሿ 
ݔ position ሾ݉ሿ 
ߝ void fraction ሾെሿ 
ߜ volume fraction of the bed in bubblesሾെሿ 
ߩ density ሾ݇݃ ݉ଷΤ ሿ 
ߪ standard deviation of the particle size distribution ሾ݉ሿ 
Subscripts 
879 M.A. Izquierdo-Barrientos et al. /  Procedia Engineering  102 ( 2015 )  877 – 886 
ܾ bubble 
݀ dense phase 
݅݊  inlet 
݉ܽݔ maximum  
݂݉ minimum fluidization 
ݏ solid 
ݓ wall  
ݓ݅ internal surface of the wall 
ݓ݋ external surface of the wall 
 ambient 
  
2. Materials and set up 
Heating experiments for sand and a phase change material (PCM) in a fluidized bed have been carried out in 
order to validate the model proposed in this study. A schematic diagram of the experimental set-up is illustrated in 
Figure 1. The bed consists of a cylindrical tube of stainless steel of 2 mm wall thickness filled with particles. The air 
enters to the plenum of the column and then flows into the bed through a distribution plate of thickness 1.5 mm with 
300 orifices of 2 mm of diameter, resulting in a 3% of open area. The distributor has been designed to have a 
pressure drop of 30% of the bed pressure drop [9]. In this way, the air is uniformly distributed in the bed. A fine 
mesh screen is mounted at the bottom of the distributor plate to prevent solid particles from entering the plenum 
chamber. The instrumented test section is 500 mm height, has an internal diameter of 200 mm and is insulated with 
glass wool of 2 cm thickness. Also the piping is insulated with 1 cm thickness of a thermal insulator. The freeboard 
of the column is divided into two parts, one cylinder with an internal diameter of 200 mm and another with 300 mm 
as inside diameter. Its purpose is to assure homogeneous velocity distribution of air at the exit from the test section 
and to reduce the elutriation and entrainment of particles from the bed. 
The air flow is produced by a blower, with variable mass flow rate, and heated by electrical heaters before 
flowing to the column. For the PCM experiments, the column was filled with 5 kg of the material PCM, whereas 
7.25 kg were used for the experiments with sand. The fixed bed height is ܪ ൌ ʹͲͲfor all the experiments. 
Type K thermocouples are used to measure the temperature at specific locations inside the test section. Air 
temperatures are also measured at the inlet and at the outlet of the test section. These thermocouples are connected 
to a data acquisition system for continuous monitoring and recording of the data.  
 
 
Fig. 1. Schematic of the experimental set-up. Dimensions are in mm. 
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The materials used for the experiments are sand, a typical material used in fixed and fluidized beds, and a 
granular phase changing composite (Rubitherm®-GR50), with a phase change temperature interval Ͷͷ െ ͷͳԨ. Both, 
the sand and the GR50 material, correspond to the group B of Geldart’s classification [10]. This means that they 
fluidize easily with vigorous bubbling action and that bubbles grow large [9]. 
 
Some properties of these two materials are shown in Table 1. In addition, the variation of specific heat with 
temperature obtained by differential scanning calorimetry (DSC) is plotted, for each material, in Figure 2(a). These 
data were obtained with a heating rate of ͲǤͷԨȀ[11]. For the PCM, the curve of the specific heat versus 
temperature shows a clear peak between Ͷͳ and ͷͲԨ, where the phase change process occurs. In contrast, the curve 
for the sand is approximately linear with an average value of the ܿ௣ of  ͲǤ͹Ȁሺሻ in the range of temperatures 
shown in Figure 2(a). The variation of enthalpy with temperature for the PCM is presented in Figure 2(b).  
                 Table 1. Properties of the sand and the PCM-GR50. 
Material Sand PCM 
࣋࢖ሾ࢑ࢍ ࢓૜Τ ሿ 2632.3 1550.5 
࢑ሾࢃ ࢓ࡷΤ ሿ 0.27 0.2 
ࢊ࢙ሾ࢓࢓ሿ 0.56 0.54 
࣌ࢊ࢙ሾ࢓࢓ሿ 0.070 0.082 
ࢁ࢓ࢌሾ࢓ ࢙Τ ሿ 0.27 0.13 
 
   
Fig. 2. (a) Variation of specific heat with temperature for the PCM and the sand; (b) variation of enthalpy with temperature for the PCM.  
 
3. Heat transfer model in a fluidized bed 
In the following sections the two phase fluidized model is described. First, the model is explained for a fluidized 
bed without phase change in the granular material and afterwards, the modifications needed in the emulsion phase to 
include the phase change are explained.   
3.1. Fluidized bed model without phase change in the dense phase 
The two-phase model considers a fluidized bed as consisting of a bubble phase and a surrounding suspension 
phase consisting of solid particles and gas (known as dense or emulsion phase). The equations of the energy 
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conservation have been obtained taking a heat balance round: the dense phase (assuming a uniform temperature), a 
differential element in the bubble phase (assuming plug flow) and the container walls.   
 
The heat balance for the dense phase is defined in Equation (1) [4]. The heat accumulated in the dense phase is 
equal to the net enthalpy flow of the fluidizing gas (which has been assumed to leave the bed at the dense phase 
temperature), the heat transferred from the dense phase to the bubble phase and the heat transferred from the dense 
phase to the container walls. 
 
൫ߩ௔ߝܿ௣ǡ௔ ൅ ߩ௦ሺͳ െ ߝሻܿ௣ǡ௦൯ܣௗܮ
߲ ௗܶ
߲ݐ ൌ ܩௗߩ௔ܿ௣ǡ௔ሺ ௜ܶ௡ െ ௗܶሻ ൅ න ܪ௕௖ߜܣ
௅
଴
ሺ ௕ܶ െ ௗܶሻ݀ݔ ൅ ܣ௪௜݄௪ሺ ௪ܶ െ ௗܶሻሺͳሻ 
 
In Equation (1) ௗܶ is the dense phase temperature, ௪ܶ is the container wall temperature, ௜ܶ௡ is the gas temperature at 
the inlet of the bed, ܮ is the bed height,ߝ is the voidage in the bed, ܣ is the cross-sectional area of the bed, ܣௗ is the 
cross-sectional area of dense phase and ܣ௪௜ is the internal surface area of the container wall. The convective heat 
transfer coefficient between the dense phase and the container wall ݄௪ , has been calculated using the model 
proposed by Izquierdo-Barrientos et al. [8]. The volumetric flow rate through the dense phase ܩௗ ൌ ܣܷ௠௙ has been 
calculated considering that the dense phase remains at minimum fluidization conditions while all gas in excess of 
ܷ௠௙  passes through the bed as bubbles. The volume fraction of bed consisting of bubbles is given by Equation (2) [9] 
 
ߜ ൌ ܷ െ ܷ௠௙ܷ௕ ሺʹሻ 
 
whereܷ is the superficial gas velocity and ܷ௕ is the velocity of rise of bubbles given by Equation (3) [9] 
 
ܷ௕ ൌ ܷ െܷ௠௙ ൅ ͲǤ͹ͳͳሺ݃݀௕ሻଵ ଶൗ ሺ͵ሻ
 
The bubble diameter ݀௕ has been calculated finding the average value of Darton et al. [12] expression along the 
bed height. ܪ௕௖ is the total heat interchange across the bubble-cloud boundary per unit volume of bubble phase, 
taken  from Kunni et al. [7]. 
 
The heat balance round a differential element of the bubble phase is described in Equation (4). In this way the 
heat accumulated in a bubble phase element is equal to the heat interchanged with the dense phase and the enthalpy 
balance entering and leaving the differential bubble element. 
 
ܣ௕ߩ௔ܿ௣ǡ௔
߲ ௕ܶ
߲ݐ ൌ ܪ௕௖ߜܣሺ ௗܶ െ ௕ܶሻ െ ܩ௕ߩ௔ܿ௣ǡ௔
߲ ௕ܶ
߲ݔ ሺͶሻ 
 
In the previous equation ௕ܶ  is the bubble phase temperature, ܣ௕ is the cross-sectional area of the bubble phase and 
ܩ௕ ൌ ܣ൫ܷ െ ܷ௠௙൯ is the volumetric flow rate through the bubble phase. 
 
The heat accumulated in the wall of the bed is expressed in Equation (5) as the heat transferred by the dense 
phase and the heat loosed to the ambient. 
 
ܣ௪ܮ௪ߩ௪ܿ௣ǡ௪
߲ ௪ܶ
߲ݐ ൌ ܣ௪௜݄௪ሺ ௗܶ െ ௪ܶሻ ൅ ܣ௪௢ܷ௪௢ሺ ଴ܶ െ ௪ܶሻሺͷሻ 
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In Equation (5) ଴ܶ is the ambient temperature, ܣ௪ is the cross-sectional area of the container, ܮ௪ is the height of the 
wall and ܷ௪௢ is the global heat transfer coefficient between the container wall and the ambient. 
 
The boundary and initial conditions to solve the differential equation system formed by Equations (1), (4) and (5) 
are summed up in Table 2. 
 
     Table 2. Initial and boundary conditions for Eq. (1), (4) and (5) 
Initial condition ሺݐ ൌ Ͳሻ Boundary condition ሺݔ ൌ Ͳሻ 
ௗܶ ൌ ௕ܶ ൌ ௪ܶ ൌ ଴ܶ ௕ܶ ൌ ௜ܶ௡ 
 
The proposed differential equation system can be transformed into a non-dimensional one introducing the non-
dimensional variables shown in Equation (6). With this change the non-dimensional temperatures vary between 0, 
when the temperature is equal to the ambient temperature (minimum temperature) ଴ܶ, and 1 when the temperature is 
equal to ௠ܶ௔௫ , which is the maximum temperature of the introduced air. 
 
෠ܶௗ ൌ ௗܶ
െ ଴ܶ
௠ܶ௔௫ െ ଴ܶ ǡ
෠ܶ௕ ൌ ௕ܶ
െ ଴ܶ
௠ܶ௔௫ െ ଴ܶ ǡ
෠ܶ௜௡ ൌ ௜ܶ௡
െ ଴ܶ
௠ܶ௔௫ െ ଴ܶ ǡ
෠ܶ௪ ൌ ௪ܶ
െ ଴ܶ
௠ܶ௔௫ െ ଴ܶ ǡݐ
Ƹ ൌ ݐ ܷߝܮǡݔො ൌ
ݔ
ܮ ሺ͸ሻ 
 
As a result, the original system is transformed into Equations (7-9): 
 
߲ ෠ܶௗ
߲ݐƸ ൌ ෡ܷௗܴ௔ି௦൫ ෠ܶ௜௡ െ ෠ܶௗ൯ ൅ න ܵݐ௕ି௦൫ ෠ܶ௕ െ ෠ܶௗ൯݀ݔො
ଵ
଴
൅ ܵݐ௪௜ି௦൫ ෠ܶ௪ െ ෠ܶௗ൯ሺ͹ሻ 
 
߲ ෠ܶ௕
߲ݐƸ ൌ െ෡ܷ௕ߝ
߲ ෠ܶ௕
߲ݔො ൅ ܵݐ௕ି௔൫ ෠ܶௗ െ ෠ܶ௕൯ሺͺሻ 
 
߲ ෠ܶ௪
߲ݐƸ ൌ ܵݐ௪௜ି௪൫ ෠ܶௗ െ ෠ܶ௪൯ െ ܵݐ௪௢ି௪ ෠ܶ௪ሺͻሻ 
 
where ܵݐrepresents the Stanton number for different combinations between the bubble phase b, the solid particles s, 
the air a, the wall w, the interior surface of the wall wi and the exterior surface of the wall wo (Eq. 10). 
 
ܵݐ௕ି௦ ൌ
ܪ௕௖ߜܣܮ
ߩ௦ሺͳ െ ߝሻܿ௣ǡ௦ܣௗ ܷߝ
ǡܵݐ௪௜ି௦ ൌ
ܣ௪௜݄௪ߝ
ܣௗሺͳ െ ߝሻߩ௦ܿ௣ǡ௦ܷ ǡܵݐ௕ି௔ ൌ
ܪ௕௖ߜܣܮ
ܣ௕ߩ௔ܿ௣ǡ௔ ܷߝ
ǡ 
ܵݐ௪௜ି௪ ൌ
ܣ௪௜݄௪
ܣ௪ߩ௪ܿ௣ǡ௪ ܷߝ
ܮ௪ܮ
ǡܵݐ௪௢ି௪ ൌ
ܣ௪௢ܷ௪௢
ܣ௪ߩ௪ܿ௣ǡ௪ ܷߝ
ܮ௪ܮ
ሺͳͲሻ 
 
෡ܷ௕ and ෡ܷௗ represent the dimensionless superficial velocity of the bubble and the dense phase respectively and ܴ௔ି௦ 
is the dimensionless ratio of volumetric heat capacities of the air and the solids (Eq. 11). 
 
෡ܷௗ ൌ
ܩௗ
ܣௗܷǡ
෡ܷ௕ ൌ
ܩ௕
ܣ௕ܷǡ ܴ௔ି௦ ൌ
ߝߩ௔ܿ௣ǡ௔
ሺͳ െ ߝሻߩ௦ܿ௣ǡ௦ ሺͳͳሻ 
 
3.2. Fluidized bed model with phase change in the dense phase 
ǡ
ǡሺͳሻሺͳʹሻܿ௣ǡ௦
Ǥ݅ௗǤ
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ߩ௦ሺͳ െ ߝሻܣௗܮ
߲݅ௗ
߲ݐ ൌ ܩௗߩ௔ܿ௣ǡ௔ሺ ௜ܶ௡ െ ௗܶሻ ൅ න ܪ௕௖ߜܣ
௅
଴
ሺ ௕ܶ െ ௗܶሻ݀ݔ ൅ ܣ௪௜݄௪ሺ ௪ܶ െ ௗܶሻሺͳʹሻ 
Two more dimensionless variables are defined to transform the previous equation into a non-dimensional one (Eq. 
13) 
 
Ƹܿ௣ǡ௦ ൌ
ܿ௣ǡ௦
ܿҧ௣ǡ௦ ǡ ݅ௗ ൌ
݅ௗ െ ݅ௗǡ଴
ܿҧ௣ǡ௦ሺ ௠ܶ௔௫ െ ଴ܶሻ ൌ න Ƹܿ௣ǡ௦݀
෠ܶௗǡ
෠்೏
଴
ݓܿҧ௣ǡ௦ ൌ
ͳ
௠ܶ௔௫ െ ଴ܶ න ܿ௣ǡ௦݀ ௗܶ
೘்ೌೣ
బ்
ሺͳ͵ሻ 
 
where ܿҧ௣ǡ௦ is the mean specific heat capacity in the temperature range of the problem and the reference for the 
enthalpy has been fixed at ଴ܶ, hence ݅ௗǡ଴ ൌ Ͳ. 
 
Introducing the non-dimensional variables defined above the energy equation of the dense phase reduces to 
Equation (14). 
 
߲ଓƸௗ
߲ݐƸ ൌ ෡ܷௗܴ௔ି௦൫ ෠ܶ௜௡ െ ෠ܶௗ൯ ൅ න ܵݐ௕ି௦൫ ෠ܶ௕ െ ෠ܶௗ൯݀ݔො
ଵ
଴
൅ ܵݐ௪௜ି௦൫ ෠ܶ௪ െ ෠ܶௗ൯ሺͳͶሻ 
 
where the dimensionless numbers ෡ܷௗǡ ܴ௔ି௦ǡ ܵݐ௕ି௦and ܵݐ௪௜ି௦   are the same defined before changing constant 
specific heat of the sand ܿ௣ǡ௦  by the average specific heat for the PCM defined in Equation (13) ܿҧ௣ǡ௦Ǥ 
 
The non-dimensional Equation (14) has the same structure as the Equation (7) with the only difference that for 
Equation (7) the dimensionless temperature is directly obtained, whereas for Equation (14) the dimensionless 
enthalpy is calculated. Then, the temperature of the dense phase is determined from the enthalpy calculated using 
the specific heat function obtained with the DSC (Figure 2a). Therefore, the numerical method used to solve the 
system of equations is the same, despite using the material with or without PCM. 
 
3.3. Numerical solution for the heat transfer model 
The system of differential equations formed by Equations (1), (4) and (5) for the conventional granular material 
(sand) or by Equations (4), (5) and (14) for the PCM, is numerically solved by an explicit finite differences 
technique. The results are obtained for a spatial step of ȟ ൌ ͳ and a temporal step of ȟ ൌ ͲǤʹ ȟ ൉ ɂ Τ  that 
ensures the convergence of the numerical method. The temporal derivatives have been approximated by a Runge-
Kutta method of forth order and the spatial derivatives using an up-wind scheme. 
When the solid enthalpy is obtained from Equation (14), the solid temperature is obtained from Figure 2(b). The 
data represented in this Figure has been interpolated using cubic spline interpolation. 
 
4. Results 
Figure 3 shows the evolution of the experimental and numerical temperatures for the sand. The voidage selected 
ߝ is 0.45, a typical value for this material in fluidized bed. The flow rate chosen is ܩଵ௦௔௡ௗ ൌ ͳͲͲͲȀ , which 
corresponds to an excess air velocity over minimum fluidization conditions of approximately ሺܷ ܷ௠௙Τ ൌ ʹሻ. The 
ambient temperature is ଴ܶ ൌ ͳͺԨ. The feed gas has a different temperature to the gas that leaves the distributor 
plate and enters the bed, and hence the influence of the distributor plate needs to be considered. This fact has been 
observed by other researchers [13, 14]. The influence of the distributor plate has been characterized experimentally 
in this work and the temperature difference between the gas at the plenum chamber and at the bed inlet after the 
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distributor plate has been measured in the empty vessel. This temperature difference has been used to estimate the 
value of the inlet air temperature for the different cases studied, which corresponds to ௜ܶ௡ in the graphs. The global 
heat transfer coefficient ܷ௪௢ is 3 Ȁଶ. This parameter has been calculated as the value that fulfils the steady-
state temperature of the bed. 
 
Because of the plug flow behaviour of the bubble phase its temperature evolution  ௕ܶ   is plotted at different 
heights (ݔ ൌ ͵ǡ ݔ ൌ ͷ and ݔ ൌ ͹). Above ͳͲ of the bed height there is nearly no difference between 
the bubble or dense phase temperature. As it is expected, the system behaves as a well mixed tank and the dense 
phase temperature ௗܶ  is uniform along the bed height. There is good agreement between the experimental and 
numerical data for the dense phase.   
 
 
Fig. 3. Temperature evolution of: the inlet air ௜ܶ௡, the dense phase ௗܶ, the temperature of the wall ௪ܶ, the bubble phase temperature at different 
heights ௕ܶ, the experimental temperature of the dense phase ௘ܶ௫௣ and the temperature measured in the freeboard ௙ܶ௥௘௘௕௢௔௥ௗ when the bed is filled 
with sand. 
The same experiments have been performed for different flow rates ܩଶୱୟ୬ୢ ൌ ͹ͲͲ  Τ  and ܩଷୱୟ୬ୢ ൌ
ͺ͹ͷ  Τ , which correspond to an excess air velocity over minimum fluidization of approximately  ଶܷୱୟ୬ୢ ൌ
ͳǤͷܷ௠௙ and ଷܷୱୟ୬ୢ ൌ ͳǤ͹ͷܷ௠௙. The results are shown in Figures 4(a) and (b), respectively.  
 
         
Fig. 4. Temperature evolution of: the inlet air ௜ܶ௡, the dense phase ௗܶ, the temperature of the wall ௪ܶ and the experimental temperature of the 
dense phase ௘ܶ௫௣ for a flow rate of (a) ܩ ൌ ͹ͲͲ  Τ  and (b) ܩ ൌ ͺ͹ͷ  Τ . 
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The results obtained for the PCM when the flow rate corresponds to ଵܷ୔େ୑ ൌ ʹܷ௠௙ሺܩଵ୔େ୑ ൌ ͷͲͲ  Τ ሻ  are 
shown in Figure 5. The voidage selected is 0.5 and the coefficient ܷ௪௢  varies between 0.77 and 6 Ȁଶ , 
depending on the air flow rate. The same uniform behavior of the dense phase as for the sand is seen, presenting the 
dense phase a uniform temperature along the bed. Furthermore, the phase change process is clearly reflected in the 
slope change of the curves around the interval of the phase change temperature (Ͷͷ െ ͷͳԨ). The difference between 
the experimental and numerical data is attributed to the high heating rate of the material (ͳǤͷԨ Τ ). This value is 
much higher than the one used during the differential scanning calorimetry (DSC) where the selected heating rate 
was 0.5Ԩ Τ . Rady [11] found that high heating rates promote the development of thermal non-equilibrium 
effects inside the sample material and result in an increase in the temperature range for melting. It was also observed 
that the shape of the enthalpy variation curve with temperature depends on the heating rate, calling for functions 
derived for heating rates similar to the experienced in the actual application. 
 
 
Fig. 5. Temperature evolution of: the inlet air ௜ܶ௡, the dense phase ௗܶ, the temperature of the wall ௪ܶ, the bubble phase temperature at different 
heights ௕ܶ, the experimental temperature of the dense phase ௘ܶ௫௣ and the temperature measured in the freeboard ௙ܶ௥௘௘௕௢௔௥ௗ when the bed is filled 
with PCM. 
Two more experiments have been carried out for the flow rates ܩଶ୔େ୑ ൌ ͵͹ͷ  Τ  and ܩଷ୔େ୑ ൌ ͸ʹͷ  Τ , 
which correspond to an excess air velocity over minimum fluidization of approximately  ଶܷ୔େ୑ ൌ ͳǤͷܷ௠௙  and 
ଷܷୱୟ୬ୢ ൌ ʹǤͷܷ௠௙. The results are plotted in Figure 6 showing a similar result than the case for ܩଵ୔େ୑ ൌ ͷͲͲ  Τ Ǥ 
 
      
Fig. 6. Temperature evolution of: the inlet air ௜ܶ௡, the dense phase ௗܶ, the temperature of the wall ௪ܶ and the experimental temperature of the 
dense phase ௘ܶ௫௣ for a flow rate of (a) ܩ ൌ ͵͹ͷ  Τ  and (b) ܩ ൌ ͸ʹͷ  Τ . 
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5. Conclusions 
A new numerical model for heat transfer in a fluidized bed with granular PCM material has been proposed. The 
non-dimensional equations obtained for a conventional granular material and a granular PCM are similar, which 
allow to solve them with the same numerical method. 
The comparison between the numerical and experimental data shows good agreement for the conventional 
material, sand. Even though similar results are obtained for the experiments and the numerical model for the PCM 
differences in the temperatures during the phase change are attributed to different heating rates in the DSC curves 
obtained and in the experiments. 
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